Abstract-Sheep can be used as an important animal model for studying human cardiovascular and pulmonary disease. We develop a mathematical closed-loop model of the ovine cardiovascular system. A distributed approach is adopted in describing the systemic circulation, which is divided into the cerebral, coronary, foreleg, thoracic, abdominal, and hind limb circulations. A similar model is developed for the pulmonaly circulation. The integrated model addresses problems of cardiovascular interaction, neural feedback control, and volume regulation among different organs. It facilitates a better understanding of the cardiovascular system in sheep and yields insights into cardiovascular and cardiopulmonary diseases. We apply the model to study cardiovascular interactions induced ria orthostatic stress.
I. INTRODUCTION
The conscious sheep is a popular large animal therapeutic model for research into therapies for cardiopulmonary injury and disease. It is especially valuable in testing devices such as the PAL (Para-corporeal Artificial Lung). Presently, there is no adequate mathematical model for studying the hemodynamics and cardiopulmonary system interactions in sheep, such as that developed for dogs [2] or humans [3] . This paper addresses this need, and develops a closed-loop mathematical model for the ovine cardiovascular system.
MODEL DEVELOPMENT
Our model of the ovine cardiovascitlar system is based on previous work from our group Chung [I], Olansen [2J, and Lu [3] . However, unlike these previous models, this model adopts a more distributed approach in characterizing the systemic circulation. Specifically, it divides this circulation into more anatomically distinct branch circulations, namely, the cerebral, coronary, foreleg, thoracic, abdominal, and hind limb circulations. Although this approach increases model complexity, it has the advantage of being able to characterize local pressures, flows, and volumes in major circulatory branches. It also enables the study of the influence of intrathoracic pressure on venous return, and addresses the problem of the hemodynamic adaptation to orthostatic stress.
Heart Model: We adopt heart model used in previous studies by our group, which describes hemodynamic behavior of the left and right ventricles including the effects of preload and afterload, direct ventricular interaction, and the influence of pericardium on pump performance [I] . A lumped model of the coronary circulation developed by Dai et al is integrated into the heart model.
Circulatory Model: Five circulatory segments are devised as the circulatory loads to connect the aorta and the vena cava. We assume a linear pressure-volume (P-V
1)
2) relationship for systemic arteries, i.e., the value of compliance is constant. However, the P-V relationships for veins are nonlinear and furthermore, the actual P-V relationship depends on the neural tone. In fact, both the compliance and the resistance of small veins (characterized geometrically as a cylinder) are subject to neural modulation of the smooth muscle in their walls. The large veins are characterized by nonlinear P-V relations, but their walls are non-muscular. Venous valves are included in the venous return pathway to the right heart.
3)
Baro-Reflex Control: The general framework used for baro-reflex control is taken from our previous work on the human cardiopulmonary system [3] . The input to the representative baro-receptor in the reflex arc is the central arterial pressure, and via the cardiovascular medullary center, control action is exerted to change heart rate, heart muscle contractility, and vasomotor tone through sympathetic and parasympathetic efferent neural pathways.
0
Heart Rate: Heart rate is subject to sympathetic and parasympathetic modulation. The relation between heart rate and normalized vagal and sympathetic efferent frequencies is obtained from Sunagawa's study [5] .
ii)
Heart Muscle Contractility: Contractility of the heart is largely modulated by the sympathetic tone. We model this phenomenon by adjusting the instantaneous elastance curve of the ventricles.
iii)
Vasomotor Control: With their muscular walls, systemic arterioles are the major resistance vessels in the circulation. The resistance and compliance that they offer to blood flow is modulated over a wide range via sympathetic nervous activity. This phenomenon is modeled mathematically using a scheme developed by Lu percent of the total blood volume, so even a minor venoconstriction can result in a significant increase in venous return to the heart. The venomotor mechanism implemented for venous constriction is similar to that used for the arterioles. The normalized sympathetic efferent index mediates the venous tone over the full range between the fully activated state and the relaxed (rest) state.
In. RESULTS Table 1 summarises the hemodynamic indicies of the simulation. The model can be utilized to generate virtnal measurements of sheep with cardiovascular disease by changing appropriate model parameters and comparing the model-generated hemodynamic data with the baseline output. New understanding about diseases and new experimental initiatives can be generated in this way.
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sympathetic stimulation. Peripheral resistance is also increased, resulting from sympathetic innervation of the smooth muscles that line the arterioles and small veins. As a result, the mAop increases from the nadir of the response. After a few oscillations, the heart rate, peripheral resistance, and mAop reach a new steady -state.
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Figure 1: Baseline model output Figure 2 shows the heart rate variance, peripheral resistance change, and mean aortic pressure (mAop) change during the postural change from supine to upright position. The right side presents the P-V relations of the LV and RV during the transition period.
Arrows in the diagrams indicate the direction of the adaptation. As is shown, when the sheep suddenly stands up, the mAop drops dramatically, which triggers haro-reflex control. Heart rate is immediately increased, due to decreased parasympathetic innervation and increased 
IV. CONCLUSIONS
We have developed a closed-loop mathematical model of ovine cardiovascular system in this study. The baseline model output, which simulates cardiovascular measurement of a healthy, open-chest, paced, machine-ventilated sheep in the supine position, is consistent with published data. A study of the cardiovascular adaptation to orthostatic stress is performed at the end of this study.
